There is some evidence that speech aerodynamics follows the rules of a regulating system. The purpose of the present study was to assess how the speech system manages perturbations that produce "errors" within the system. Three experimental approaches were used to evaluate the physiological responses to an imposed change in airway resistance. The first involved subjects with varying degrees of velopharyngeal inadequacy. The second and third approaches involved noncleft subjects whose airway was perturbed by bleed valves and bite blocks during consonant productions. The pressure-flow technique was used to measure aerodynamic variables associated with the production of test consonants. The results of this study provide additional evidence that the speech system actively responds to perturbations in ways that tend to minimize a change in consonant speech pressures. The degree of success in stabilizing pressures appears to reflect the capability of the system to use whatever articulatory and respiratory responses are available.
INTRODUCTION
Physiologists have long observed that the human body maintains a degree of constancy or homeostasis for its many systems. Circulation, respiration, acid-base balance, body temperature, and food intake are examples of bodily functions that operate under rules that tend to preserve physiological balance. These systems have common features that are fundamental to homeostasis. The essential characteristics involve (1) regulation for the purpose of stability and (2) control mechanisms to achieve relatively steady-state conditions (Brobek, 1965) . A system is said to be regulated if structures respond to change and by their activity preserve or attempt to preserve some level of constancy. That is, the purpose of a regulating system is to maintain a certain parameter at an acceptable level. The control process is the means by which this is accomplished. The term control is sometimes used interchangeably with regulation, but there are valid reasons for distinguishing between the two terms. Control describes the process of management. It should also be noted that whenever the term control is used, it implies that the brain receives information, processes it, and then directs the control activity (Warren, 1986) .
The concept of a speech regulating system implies that mechanisms exist to detect "errors" such as a loss of resistance. A detection system has not been identified in speech, although respiratory receptors have been found in the trachea (Sant'Ambrogio, 1982) , in the larynx (Sant'Ambrogio et al., 1983) , and in the nasopharynx of man (McBride and Whitelaw, 1981) . Similarly, laryngeal receptors sensing pressure, airflow, and muscle contractions have also been described (Sant'Ambrogio et al., 1983) . Recent studies by England and Bartlett (1982) demonstrate that the larynx controls respiratory flow in man by varying the degree of glottal adduction. There is also evidence that muscles in the upper airway play a functional role in instantaneous control of airflow and compensation for changes in airway resistance during breathing (Cohen, 1975; Brouillette and Thach, 1980) . Remmers and Bartlett (1977) observed a "tracking" behavior involving extrathoracic stretch receptors in which the respiratory muscles during expiration compensated for changes in upper airway resistance. In a recent study, Warren et al. (1991) demonstrated that airway resistance is precisely controlled during breathing. Postural changes apparently moderate any imposed increase in breathing load. Elice and Warren (1991) reported that individuals can detect a change in resistance of about 0.7-cm H 2 0 1/s. Thus there appears to be a detection system for breathing that may, in some fashion, operate in speech as well. Malecot (1966 Malecot ( , 1970 and Williams et al. (1987) provided some evidence that such a system exists. Whether the detection system actually senses pressure or some correlate of pressure remains to be seen. Malecot (1966 Malecot ( , 1970 , Muller and Brown (1980) , Wyke (1981) , and Williams et al. (1987) have indicated that aerodynamic monitoring may be used to direct the activity of speech structures.
Individuals with velopharyngeal inadequacy present a unique opportunity to study the dynamics of a pressure regulating system. Velopharyngeal inadequacy represents a decrease in vocal tract resistance and introduces an error that requires compensatory responses to moderate a potential drop in intraoral pressure. We have reported that, even at inadequacies greater than 0.20 cm 2 , many cleft palate individuals are able to maintain speech pressures above 3-cm H 2 0 during non-nasal consonant productions (Dalston et al. 1988; Warren et al., 1989) . Several possible compensatory strategies may be involved. Some cleft palate speakers may attempt to maintain intraoral pressure by increasing respiratory effort. Others may use articulatory compensations to maintain intraoral pressure. Some may not have to employ compensatory strategies because their nasal airway resistance is high.
The drive to maintain aerodynamic integrity has also been observed in normal speakers under experimental conditions. Putnam et al. (1986) introduced an air leak into the oral cavity using a bleed valve. They found that respiratory airflow was increased and, as a consequence, intraoral pressures were maintained above 4-cm H 2 0. In addition, bite-block studies indicate that the drive to maintain speech pressures in the presence of an air leak may be even stronger than the need to preserve acoustic accuracy (Warren et al., 1984) . These findings led us to postulate that the respiratory and articulatory structures are constrained to act together toward the common goal of maintaining an adequate level of pressure for consonants.
The purpose of the present study was to assess the control responses to changes in vocal tract resistance. Specifically, we wanted to perturb the system in ways that invoked different management or control responses. This approach would allow us to evaluate the system's capability to utilize available articulatory and respiratory adjustments and to compare the success of various outcomes.
I. METHOD
Three experimental approaches were used in this study. The first involved 141 subjects with varying degrees of velopharyngeal closure. The differences in closure represented changes in velopharyngeal resistance during consonant productions. The pressure-flow technique (Warren and Dubois, 1964; Warren, 1982; Warren et al., 1985) was used to measure pressures and airflow associated with velopharyngeal closure. The age range of the subjects was 5 years, 8 months to 58.0 years with a mean age of 18.0. The only criterion employed during subject selection was that the patients had to have the intellectual capacity needed to perform the tasks required of them.
Briefly, the pressure drop across the velopharyngeal orifice (oral pressure minus nasal pressure) was measured by placing one catheter within the mouth and another in one nostril. The nasal catheter was secured by a cork that blocked the nostril, creating a stagnant column of air. Both catheters measured static air pressures and transmitted these pressures to pressure transducers. Nasal airflow was measured by a heated pneumotachograph connected by plastic tubing to the subject's other nostril. The area of the constriction was then calculated from the equation , where A is the area of the orifice, is the nasal airflow, k = 0.65, ∆P is the oral-nasal pressure, and d is the density of air. A commercially available software program (P-Scope, Microtronics, Inc., Carrboro NC 27510) was used to obtain average pulse pressure, peak pressure, average airflow, peak airflow, velopharyngeal orifice area, and velopharyngeal resistance values.
The subjects were asked to produce a series of the bilabial plosive consonant /p/ within the carrier word "hamper." The nasal-plosive blend /mp/ was used to stress the palatal mechanism. This phonetic combination also more nearly approximates the degree of closure that occurs during continuous speech (Warren, 1979) . Aerodynamic variables measured during the production of /mp/ were calculated from a series of five utterances for each subject. The subjects were then divided into four groups according to velopharyngeal orifice size. Fifty subjects had adequate closure (< 0.05 cm 2 ); 38 had adequate-borderline closure (0.05-0.09 cm 2 ); 22 had borderline-inadequate closure (0.10-0.19 cm 2 ); and 31 had inadequate closure (> 0.20 cm 2 ). Categorization according to those area criteria is, in part, perceptually based and, in part, aerodynamically based (Warren, 1964 (Warren, , 1979 (Warren, , 1982 . That is, velopharyngeal areas less than 0.05 cm 2 were considered adequate because normal, noncleft speakers do not manifest areas greater than this value (Warren, 1964) . Conversely, the definition of inadequate closure was based on aerodynamic data demonstrating the oral-nasal differential pressure during speech is very low at areas equal to or greater than 0.20 cm 2 (Warren and Dubois, 1964) . In addition, unpublished clinical observations have led us to conclude that speakers with velopharyngeal areas in the inadequate range invariably manifest hypernasality and/or nasal emission. Finally, the intermediate categories of adequate/ borderline closure (0.05-0.09 cm 2 ) and borderline/inade -quate closure (0.10-0.19 cm 2 ) are somewhat more arbitrary. However, there is both aerodynamic and perceptual evidence to support such groupings (Warren, 1979) .
Audiometric testing was conducted on 110 of the 141 subjects investigated. The 31 patients on whom testing was not performed were individuals who had a negative otologic history and normal audiograms at each of their last two team evaluations. Of the 110 patients on whom testing was performed, all but two had no more than a mild conductive hearing loss in the better ear. For this reason, audiologic status was not considered an important determinant of subject performance.
The second approach involved ten normal adult male subjects who produced /pa/ under conditions in which a translabial device released intraoral pressure during /P/. Openings ranged from 0.0 to 0.28 cm 2 in eight steps. Eight interchangeable plastic cylinders served as bleed plugs: one was solid (i.e., "no bleed" condition), and seven were invariably patent with orifice areas from 0.045 to 0.283 cm 2 .
The protocol for this condition required subjects to produce the syllable /p/ seven times at a rate of 1.5/s on one expiratory breath. This was done twice with each translabial bleed plug in place, and the entire protocol was performed a second time: For both performances of the entire protocol, subjects always began with the pressure release device in the unperturbed (i.e., "no bleed") condition. Presentation of the various patent bleed plugs was randomized thereafter for every performance by each subject. Oral pressures and oral airflow through the bleed valve were recorded using the pressure-flow instrumentation.
In the third condition, the same ten subjects produced /si/ under several bite-block openings that increased vertical dimensions during /s/ from 0, 2, 4, and 6 mm. The protocol for the bite blocks required subjects to produce the syllable /si/ seven times at a rate of 1.5/s on the expiratory breath. This was done twice with each bite block, and the entire protocol was performed a second time. For both performances of the entire protocol, subjects always began with the unperturbed (i.e., "no block") condition. Presentation of the various bite blocks was randomized thereafter for every performance by each subject. The pressure-flow technique was used to record oral pressures and oral airflow variables as described earlier.
Descriptive statistics were initially run in order to check for homogeneity of variance of the data from subjects with varying degrees of velopharyngeal adequacy. There was a discrepancy in homogeneity in three of the variables namely, airflow rate, average airflow, and average resistance. A log transformation was performed on average flow and average resistance to correct for this. The airflow data were ranked to fulfill homogeneity. A one-way ANOVA was then used to analyze the data that were grouped by categories of velopharyngeal orifice size. In the bleed-valve and bite-block studies, a two-way ANOVA was used to analyze the data.
II. RESULTS
A. Average pressure pulse Figure 1 illustrates the average pulse pressure across the three experimental conditions. The average pulse pressure (pressure over pulse duration) for the subjects with velopharyngeal inadequacy fell from 3.0-cm H 2 O for the adequate group to between 2.6-and 2.4-cm H 2 0 for the other groups. The drop in average pulse pressure was only 0.6-cm H 2 O as mean orifice size increased from 0.02 to 0.55 cm 2 . A one-way ANOVA revealed that the overall change in pressure across groups was not significant [F (3, 137) = 2.65; p = 0.0513] . Thus despite the large change in velopharyngeal orifice size across groups, the average pressure change was very small (Table I ). The drop in average pressure was somewhat larger in the bleed-valve experiment with pressure falling from 4.5-to 3.1-cm H 2 O, a drop of 1.4-cm H 2 O which was statistically significant [F (7, 63) = 13.48; P 0.0001 ] . On the other hand, the bite-block study resulted in virtually no change in the average pressure pulse across bite openings [F (3, 27) = 0.11; p 0.95]. Table II lists the average airflow rates across openings for each condition. Average airflow rate increased significantly as degree of opening increased [F (3, 137) = 229.7; p = 0.0001]. The bleed-valve findings were similar [F (7, 63) = 220; p = 0.0001]. On the other hand, average airflow rate did not change across the various bite-block openings. Figure 2 presents data on average velopharyngeal resistance and airflow rates for subjects by degrees of adequacy. As expected, resistance dropped sharply from adequate closure to borderline-inadequate closure and then stabilized somewhat. At about 0.2 cm 2 of opening the increase in airflow rate moderated the fall in resistance. For example, as velopharyngeal orifice area increased from 0.017 to 0.14 cm 2 , a difference of 0.12 cm 2 , resistance fell about 60-cm H 2 O 1/s. As orifice area increased from 0.14 to 0.55 cm 2 , resistance fell only about 3-cm H 2 O 1/s. A one-way ANOVA was run, and the drop in resistance was statistically significant [F (3, 137) = 38.7; p = 0.0001].
B. Resistance
Results from the perturbation studies involving the normal adult subjects were notably different from those reported above. Figure 3 illustrates the relationship among average resistance, average oral airflow rate and bleed-valve orifice area. In this experimental condition, resistance fell more rapidly than in the condition involving subjects with velopharyngeal inadequacy. For example, resistance at 0.28 cm 2 is about 8-cm H 2 O 1/s compared to about 16-cm H 2 O 1/s in the human subjects. On the other hand, average airflow rate was about twice as high. A two-way ANOVA was run on the resistance values, and the overall decrease was statistically significant [F (7, 63) = 21.3; p = 0.0001]. Average airflow rate was also significantly increased [F (7, 63) = 21.99; p = 0.0001] with the values for the bleed-valve condition being about twice as great as the cleft condition.
The data from the bite-block experiment are shown in Fig. 4 . In marked contrast to the preceding experiments, the increase in vertical opening imposed by the various bite blocks was associated with minimal change in both oral port resistance and oral airflow rate. It should be noted that the magnitude of resistance in the unperturbed system is much higher for /p/ because /s/ is normally produced with an oral port opening of 0.05 cm 2 . Nevertheless, resistance dropped only about 2-cm H 2 O 1/s when bite-block openings increased from 0 to 6 mm. No statistically significant differences were noted across bite-block conditions.
III. DISCUSSION
This study provides additional evidence that the human system actively responds to perturbations of vocal tract resistance in ways that tend to minimize the potential drop in pressures associated with consonant productions. As hypothesized previously (Warren, 1986) , the articulatory structures represent a set of variable resistors that maintain vocal tract resistance during phonation. Thus structural movements create the resistances that are required to maintain speech pressures. The regulatory system also includes a variable energy source in the form of controlled respiratory airflow that provides further adjustments of vocal tract resistance.
The differences noted among the three experimental conditions apparently reflect the capability of the speech system to successfully utilize available articulatory and respiratory adjustments to stabilize the aerodynamic environment during consonant productions. The bleed-valve experiment represented a condition under which subjects could compensate only by adjusting respiratory drive. Although pressure did fall across conditions, the magnitude of change was considerably less than what has been reported in an equivalent but passive model system (Warren et al., 1989) . The difference reflects the success of respiratory compensation. As Putnam et al. (1986) demonstrated earlier, the human system is not a constant flow system, and increased respiratory effort moderates the fall in pressure. This was confirmed in the current study.
Subjects with velopharyngeal inadequacy compensated to a greater degree than the bleed-valve subjects. The average drop in pressure was only 0.4 cm-H 2 0 compared to 1.6-cm H 2 O for the bleed-valve subjects. The reason for the difference may be attributed to the additional resistance provided by the nose in subjects with velopharyngeal inadequacy. In a previous study Warren et al. (1990) demonstrated that the ability to achieve adequate consonantal pressures depends upon total upper airway resistance, and the nose usually provides about two-thirds of that resistance when the velopharyngeal mechanism is inadequate. Thus the level of respiratory effort required to minimize pressure loss was less in the cleft group because of the upstream nasal resistance--a circumstance not available to the subjects in the bleed-valve experiment. That is, the bleed valve opened to the atmosphere rather than the nose. Using respiratory compensation alone, the latter subjects were not as successful in regulating speech pressures.
The bite-block experiment serves as the best example of a successful outcome in terms of compensation. Pressure did not change, and resistance was maintained across conditions of bite opening. In this experiment, subjects were free to use respiratory and lingual articulatory compensations in a coordinated fashion to minimize the impact of imposed perturbations. The results reported here and elsewhere (Warren et al., 1984; Putnam et al., 1986) suggest that subjects use lingual compensations to prevent a fall in pressure under such circumstances, even though such maneuvers may sometimes occur at the expense of speech accuracy (Warren et al., 1984) .
One might argue that pressure maintenance is not under strict regulation/control since pressure did fall somewhat in each of the human studies reported above. However, human regulation systems are not always successful in accomplishing their tasks. The essence of a regulating system is that attempts are made to maintain constancy even though constancy may not always be achieved. In two previous studies (Dalston et al., 1988; Warren et al., 1989) , we compared the active human regulating system to a simple model and found that intraoral pressures dropped about seven to tenfold in the passive model under simulated experimental conditions.
Although the term constancy is usually used to denote the goal of a regulatory system, it should be noted that regulatory systems have flexibility that allows them to meet changing demands. The cardiovascular system serves as an appropriate example. Blood pressure is usually regulated at a mean pressure of 100 mm Hg. However, during moderate exercise, the demands of the system elevate the mean pressure to 120-130 mm Hg. This is somewhat comparable to increasing intensity level in speech-a higher pressure is required under more demanding circumstances. A change in the barostat raises the level at which blood pressure is regulated, but this should not be construed as meaning the system is not regulated.
It might also be argued that the maintenance of pressure is merely required so that speakers can generate the acoustic power necessary to generate perceptually acceptable pressure consonants. Netsell (1990) , for example, suggests an acoustic regulator hypothesis as an alternative to the pressure regulating hypothesis. He proposes that a speaker's attempt to maintain an appropriate level of pressure is for acoustic purposes rather than pressure per se. Thus pressure regulation would reflect the fact that pressure is a necessary requisite to achieve the primary goal of impounding air for pressure-consonant productions. This possibility has yet to be tested, but there is some information that suggests that this may not be the case. Warren et al. (1984) reported studying the speech of normal individuals under auditory masking and varying conditions of imposed anterior open bite. They found that these subjects tended to maintain oral port sizes appropriate for the production of fricative consonants even though the perceptual quality of these phonemes deteriorated noticeably. However, the fact that listeners perceived a deterioration in speech during the experimentally induced anterior open-bite conditions suggests one or more of the following: (1) pressure maintenance took precedence over perceptual accuracy; (2) pressure maintenance does not have a one-to-one relationship with perceived speech normality; (3) pressure maintenance was necessary but not sufficient for production of accurate speech, and speakers were able to maintain pressure but not able to produce all the requisites for acceptable speech; (4) speakers may adopt a minimum competency strategy leading to adjustments that do not fully compensate for experimentally imposed perturbations; or (5) the speakers perceived that their own speech remained acceptable under the various experimental conditions.
A recent study by Moon and Folkins (1989) provides further insight into the question of acoustic regulation versus pressure regulation. They assessed the relative importance of auditory feedback in the regulation of intraoral pressure and reported some preliminary findings. Normal speaking subjects were forced into a choice between aerodynamic versus auditory feedback. Manipulation of the acoustic signal heard by the subjects resulted in adjustments of peak pressure and/or duration. However, the changes in pressure were not of the magnitude expected for the large adjustment in the acoustic signal. They found that the system is somewhat resistant to changes in speech pressures.
Interaction between the acoustic and aerodynamic systems is highly probable. Most regulating systems are multi-factorial, and outcomes often reflect the need to maintain more than one parameter at an optimal level. For example, in respiration, the system is managed so that CO, concentrations, pH level, and peak upper airway breathing pressures are kept within a certain limited range despite changes in the environment or in level of activity. Information concerning the chemical environment of the blood, the status of the airway, and other factors is integrated by the brain and appropriate control responses made. Sometimes, these responses represent compromises for the system. It should also be noted that a subject who may monitor or attempt to regulate pressure during speech production may be doing so because of associations established much earlier between pressure and other, perhaps more fundamental, variables such as perceived speech quality or acoustics. It is quite possible that such associations may be formed and strengthened during the very early stages of speech development. Therefore, the fact that a given variable (e.g., pressure) may be regulated after speech development is completed does not rule out the original and primary importance of some other associated variable. Congenital deaf speech clearly exemplifies the consequences of inadequate acoustic feedback upon speech development and speech production. An assessment of the aerodynamic patterns of deaf speakers is a direction that should yield important new information on aerodynamic and acoustic interaction. Cain et al. (1989) found that congenitally deaf but intelligible speakers have basically normal pressure patterns despite articulatory errors related to their auditory deficits. Brown and Goldberg (1990) reported similar findings, but only when speech was intelligible.
There are still many gaps in our understanding of a regulating system as it pertains to speech. The detection system, an essential component to identify "errors," is only now beginning to receive some attention (Miller and Brown, 1980; Wyke, 1981; Williams et al., 1987) although Malécot presented some data on sensitivity of receptors in 1966. The specific variable being detected is not entirely clear. The regulated parameter is not necessarily the same variable that is detected (Brobeck, 1965) . The system could respond to some correlate or function related to that variable. The minimal level of pressure required for adequate consonant production also remains unknown. For example, a pressure value of 3-cm H 2 O has been routinely adopted as an operational definition of adequate consonant pressure (Dalston et al., 1988; Warren et al., 1989) . The validity of this definition has not been tested rigorously, even though it is based upon longterm observations of data generated from aerodynamic studies. The relationship between consonant pressure and the perceptual acceptability of its acoustic analog also must be investigated. The linguistic influence on the control of speech respiration also has received little attention. Conrad et al. (1983) reported that linguistic factors such as the structural organization of textual material exert a strong influence on the timing of inspiration and the size of inspiratory amplitude when speaking under normal conditions. The potential influences of linguistic factors on pressure, flow, and vocal tract resistance remain to be determined.
Finally, as Netsell (1990) correctly indicated, intraoral pressure is a reflection of subglottal pressure as well as articulatory movements of the larynx and upper airway. Studies of the speech regulation system have purposely limited the speech sample to pressure consonants in which intraoral pressure would be expected to reflect subglottal pressure. Vowels, for example, have not been used. Thus a major test of the regulating system hypothesis would be to determine whether subglottal pressures rather than intraoral pressures remain fairly constant under experimental conditions that perturb the system during continuous speech.
